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Introduction

/-\U‘&ﬁ%t“::
= Chain of rapid cycling synchrotrons, counter-rotating p*/u- beams
—63GeV —>0.31TeV—>0.75TeV > 1.5TeV (—» 5 TeV)

' norm. . . |
cond. h\élzrsld
RCS
Both in the same tunnel

= Hybrid RCSs have intersecting normal conducting (NC) and superconducting
(SC) magnets

= The studies presented aim to determine the RF (cavity) and lattice parameter
(number of RF stations, momentum compaction factor,...)
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A lot of constraints
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= Muons decay very fast (Rest lifetime: 2.2 ps):
= We should accelerate as fast: 7, as low as possible.

High Energy Orbit

Warm ]

Dipole Dipole B

Low Energy Orbit
Tacc Low energy beam is /
N E —_ ( — ) bend too much Eut :;(:m? magnets
- Muon SUI’VIV8| ext — ( ext) Tu\Yext—Yinj for a Ilnear ramp end bac Significantda;tJe:jt'uf;e re?t:)ired to
Nl.nj Einj accommodate ailrreren eams
= To decrease cost operation, we should: Lyc = 2m—Pext ~PPini__  BPext _ BPin
L. ) NCext = PNC,inj NC
= Minimize the total voltage and thus energy gain per turn: . 5 BpiniBncext — BPextBNc inj Bpinj + Bpex:t
= 4TT =T
ext—Einj Lrcs ¢ Bsc(Bncext — Bncinj) Bgc

= RCS as small as possible

Energy gain: AE = =

Tacc

= Interest of a hybrid RCS: higher average field = smaller synchotron.
= But different path lengths and orbits.

= Optimize the dipole ramp to minimize the power consumption (see Fulvio’s talk).
= Find the best ratio extraction/injection ratio between the different acceleration stages.
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How to cook a good RCS ?
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Stability J

/

[ Acceleration scheme

AN

Cost J
RF cavities
=
ccelera;zir . J
- Fast ramping
\ |cst
« magnets
o it 2B
[ Energy inefficiency

Pu|;§d , Optics J

synchrotron

Development of a python package to integrate the different constraints
Any help is welcome !
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Parameters and tools:
General parameter
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= Detailed parameter table: https://cernbox.cern.ch/index.php/s/I9VplTncUeCBliz
RCS1->314 RCS2>750 RCS3>1.5 e P

i Particles -k
= Costs - ME
G eV G eV TeV i Type - - |res hybrid RCS hybrid RCS
w
12 Dynamics !
o Acceleration time Te [ms] 0.34 1.09704595 2.37
21 Injection energy E, [MeViiu 63000 313830 750000
H = Ejection energy £ [MeVilu 313830efined by 750000 1500000
Circumference, 2nR [m] 5990 5590 10700 e L S
1  Momentum at e, pic Meic 63106 | 313035 750106
= Momentum at e plc MeVic 313935 750106 1500106
= Number of tumns [ - 17 55 66
1 Planned Survival rate NN - 09 | 09 0.9
En e rgy facto r E /E o 5 0 2 4 2 O @ Total survival rate NN, - 0.9 0.81 0.729
1 eJ |n] - - - = Accel, Gradient, linear for survival G Mvim] 244 133 1.06
@ Required energy gain per turn AE MeV] 14755 7930 11364
- . # Transition gamma Yy - 20.41 20.41 ~30
Repe“t' on rate. f [H Z] 5 (asym ) 5 (asym ) 5 (asym ) 5 injection reltivistic mass factor T . sa7 an 7088
) rep o U U M Ejection relativistic mass factor 1y - 2971 7099 14198
5 Injection vic By % 0.9999986 0.999999943 0.9999999901
% Ejection vic By % 0. 0. 5
Number of bunches 1pt, 1w lut, 1w 1pt, 1w £ o ot |
H y u H y H “ y H = Radius R [m] 953.3 953.3 1703.0
w0 Circumference 2nR [m] 5990 5990 10700
+ Circumference Ratio R../R, . p 1 179
« Pack fraction ? - 061 061 0.628
B h I 1 2 5*1012 2 3*1012 2 2*1012 © Bend radius [ m 5818 5618 1070.2
U n C p 0 p U a.tl 0 n . . . # Tot, straight section length Lo [m] 23347 2335.7 3975.7|
 Injection bending field (average) B, m 0.36 1.80/ 234
s RF
76 Systems TESLA TESLA TESLA

Survival rate per ring 90% 90% 90% e P = E

™ Revolution frequency e]

#_Revolution period Trey [ns] 20.0 20.0 35.7
#1_Max RF voltage Vi [ev] 20.87 1122 16.07

. . ©2 Max RF power Py [Mw]
Acceleration time [ms 0.34 1.04 2.37 e i % %
. . . % Number RF stations - - Around 50 Around 50 Around 50
a5 Cavities - - o-cell o-cell 9-cell
[Elnumber of cavities - [ 374 536

&_Peak Impedance (]

8 Gradient in cavity AEL [Mvim] 30 30
N u m b e r Of tu rn S 1 7 5 5 6 6 #_Average energy gain per total straight AEL [Mevim] 6.3 34 29
@ _Accelerating field per total straight AEL [mevim] 89 as 40
=1_Accelerating field gradient, with FF AE/L [Mvim] 223 120 9.0

LA [yl 45 45 45
A/simm mra| 69.40 165.86 3372

Energy gain per turn, AE [GeV] 14.8 7.9 11.4 o pomn | pmeee| = =
Acc. gradient for survival [MV/m] 2.4 1.3 1.1

Acc. field in RF cavity [MV/m] 30 30 30
Max. RF voltage for ¢.=135° [GV] 20.9 11.2 16.1

152 050 052
068 E 0.37 %



https://cernbox.cern.ch/index.php/s/I9VpITncUeCBtiz
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What is new since February

= The user chooses the synchrotron gemetry, injection and extraction phase
(the dipoles are oscillating) and defines the dipole families and the dipole
patterns.

= The code calculates:

The dipole period (compromise between the maximum voltage, the maximum field
slope and the minimum acceleration time)

The energy and synchronous phase variation

The muon survival

The optimum dipole lengths for each dipole

The path length variation and the needed aperture

Some optics parameters (momentum compaction, beam size) by assuming FODO
cells (that should be improved in the future).
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Example of dipole ramp in the RCS ME

Harmonic dipole: 1.8 sin ¢ — 0.38197 sin 2¢
Muon survival: 89.60% (linear ramp) against 89.58% (harmonic dipole): negligible difference

Dipole field [T]

y
/

— linear BNC
harm dipole BNC

[e)]
o
o

Beam energy [GeV]
3
o

o

_/

0.0
Time [ms]

-0.4

-0.2 0.0 0.2
Time [ms]
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Scaling laws
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a

nC

Ny

Laa

Ac

Ly

L,

Ly = 2n.(ng + 1)L,
Ly, =2n.ny4L,

Lr = Lr tLry

hy =1/p,
h, =1/p;
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the total number of FODO cells Deflnltlon Of parameters a,.b
the number of D, per half-cell

. . Lt2 h;
the distance between 2 dipoles a = T b = T
the chord length of the half-cell | h T h h
the straight length of one dipole D, 10 ClOSe the trajectory, we have the

the straight length of one dipole D,  constraints:

y

the total length of D, L. = 1-a I [ =% 1
the total length of D, L™ on.mg+n) 7T 27 oneng T
the total length of dipoles _1-ab _ "

the reference curvature hy = 1—a h h, =bh

the curvature of D4
the curvature of D,




Total path length: analytic formulae
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b+ 1 1
A = My Laa (na(ng — 1) + a(b+ 1)(1 + 2ng))) | + o(—)

a(b—1)n?
Sr— St = g
T = “Ta Ing(l+ng)n, { !

C

The total path length difference scales as iz when the total dipole length is

nc
large compared to the total distance used for the dipole spacing.

For very large n. we are driven by the spacing between the dipoles.
|f 4ncnded < LT’

. 1
ST - ST,a X n_%
& _ S o ab+ny
T " (1 + ny)

Clear interest to increase the number of cells and dipoles per half-

cell. s
MR Ao o o - _—uﬂd




Case: NC dipoles first
SN :

Laa Laa Ac
m

a

Byc the field in NC dipole - Bnc(Eext + Einj)
Bsc the fie_ld in SC dipole (Bs¢c + Bnc)Eext—(Bsc — Bnc)Ein
Ein; the injection energy hinj = Eﬁc Ny ext = Eﬁ
i inj ext
E .t the extraction energy o _Bscli ., Bsclr
_ T[(Eext — Einj) MJ 2 mEin; eXt T ) T Eoxt
Lrne = B C
E E. . T[(Eext B Einj)
_ (Eext + Einj) Lye =
Lrsc = Bo 2 BI\{C ¢ ne(ng ‘5 1)
n Eext + Einj
T ((Bsc + Bync)Eext—(Bsc — BNC)Einj) Lsc = > B 1n
LT = =21 p* SC c'td
Bn¢Bscc

A. Chance, Muon Collider collaboration meeting, 11-14 October 2022 , Iﬁ




RCS ME: NC dipoles first
Mgz variation with the number of cells nc

ollaboration

10t
E 10:4 We assume an interconnection
£ 10 z length of 0.3 m and dipoles of 2 m.
£ £
42_, 1071 By g .
o — [ — 0 10 = We consider a beam stay clear of 6
= ——— ] o pEEs ) T . .
£ e SRR [ - sigmas and FODO cells with a phase
P I e advance of 90 degrees.
= —— 7 dipoles -—- ipoles i i
iy e N N Y (Nt M N S The magnet screening is not
100 200 300 400 500 600 100 200 300 400 500 600 .

Total number of dipole sets Total number of dipole sets |nC|uded and Should be added to get
1 — the inner dipole aperture.
T
) c — / dipoles . .
E g J - o shi 2 dioles The vertical lines corresponds to the
] 102_ g 2 === NOSs I I oles . . .
8 £ - Noshit 7 dpoles limit value of nc where there ins no
T = E space anymore to locate the
S 0ty —sdoester £ o) quadrupoles.
E T |
= 100 — 1 11 N N E— That is better to have 5 or 7 dipoles

100 200 300 400 500 600 100 200 300 400 500 600
Total number of dipole sets Total number of dipole sets per Ce”_
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RCS ME: NC dipoles first
variation with the SC dipole field
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8?0 BT5 9;0 915
Superconducting dipole field [T]

10.0 105 11.0 115 120

80 85 90 95
Superconducting dipole field [T]

10.0 10.5 11.0 115 12.0

1 3 dipol
—_ —_— ipoles . .
E — 3 dipoes 100 We assume an interconnection
W — ipoles .
g 1 = length of 0.3 m and dipoles of 2 m.
£ s | B
2 101 2 e T .
2 — € I We consider a beam stay clear of 6
£ ] & | Tes dbotes sigmas and FODO cells with a phase
5 27 5 dipoles advance of 90 degrees.
= | ) SC 7 dipoles

TS0 85 s0 95 100 105 110 115 130 U TE0 &8s so 95 100 105 110 115 130 _

Superconductina dipole field [T] Superconductina dipole field T1 The number of cells is calculated to

o maximize the filling ratio of the arcs.
£ —— 3 dipoles Hor. —— 3 dipoles
E — 5 dipoles Hor. —— 5 dipoles
v —— 7 dipoles Hor. —— 7 dipoles
2 ==~ No shift 3 dipoles . -~ Nosshit: 3 dipoles We assume a total number of 16 RF
o 102 ——- No shift 5 dipoles 6 x10 -=-=-No sh!ftSd!poles . .
L T Noshit 7 dipoles ===tlasif 7 dipoles sections (and thus arcs), which
s | T T ax10 explains the steps (number of cells is
-g S a multiple of 16).
E
= 2x107{ . .
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Case: SC dipoles first
JA e :
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a

Bye the field in NC dipole - Bsc(Eext — Einj)
Bse the fie_ld in SC dipole (Bs¢c + Bnc)Eext—(Bsc — Bnc)Ein
Einj the injection energy Rpimj = — ENC Ry ext = ?
E .t the extraction energy BNlcniT BN:’E{;
[ _ 1(Egxt — Einj) binj = =3 7 Ein; C bexe =3 T By ©
T,NC —
’ BNC C
T(Egyt — Eiyi
L _ 7T(Eext + Einj) Lyc = Z(Bextc - ”Tll])
T,S5C — NC c'td
’ BSC C
n(Eext + Einj)
T\ (Bse + Byc)Eeyit—(Bse — By )Ein i Lo =
. (Bsc + Brc)Eexi=(Bsc = Bu)Eimy) o €= B e £ D

BncBscc
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RCS ME: SC dipoles first
Mgz variation with the number of cells nc
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_ We assume an interconnection
S 1 .
s ? length of 0.3 m and dipoles of 2 m.
& 10°4 —_
g g
2 107 2 N - We consider a beam stay clear of 6
g 8 — nC 3 dpoes [ i S Ry sigmas and FODO cells with a phase
g 10 ~= 5 1T Nrdpoes | | T
c_Qu- ° —— 3 dipoles ﬁ%% -—- gggg?solles advance Of 90 degrees
o _ e TS dpoe The magnet screening is not
10 100 200 300 400 500 600 ad 100 200 300 400 500 600 included and should be added to get
Total number of dipole sets Total number of dipole sets . .
the inner dipole aperture.
103 v ¥
E —3d?po|es
. . T dbles The vertical lines corresponds to the
S vt -== No shift 3 dipoles . . .
£ 100] S 102, --Nosnit s il limit value of nc where there ins no
S £ —== No shi ipoles
& 3 space anymore to locate the
» £
I e 2 quadrupoles.
2 o7 dipoles tor £
é - ;c()jsphilft;-tliipoles § . . .
CR gt SC dipoles first is better than NC
T 20 w0 a0 i oo 100 200 300 40 50 600 dipoles. No gainto go to 7

Total number of dipole sets Total number of dipole sets
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e RCS ME: SC dipoles first
Mgz variation with the SC dipole field
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_ 0.0275 A — 3 dipoles —— NC 3 dipoles . :
=, 0.0250 1 — sl | X—mggg?po:es We assume an interconnection
L | —— 7 dipoles N ipoles .
5 00 g == 5C 3 dinoles length of 0.3 m and dipoles of 2 m.
= 0.02001 =4 ——-5SC7 diﬁﬁéi
; 0.0175 - E” k .
2 001501 231 R We consider a beam stay clear of 6
it &2 sigmas and FODO cells with a phase
3 201 L] FEseIiiiIiocceeeee advance of 90 degrees.
= 0.0075 ""“=='===::::EE§;:;E§§§;;
80 85 90 95 100 105 110 115 12.0 80 85 90 95 100 105 110 115 120
Superconducting dipole field [T] Superconductina dipole field [T] The number of cells is calculated to
s maximize the filling ratio of the arcs.
£ N —— 3 dipoles Hor. —— 3 dipoles
£ a5 AY —— 5 dipoles Hor. —— 5 dipoles
o A —— 7 dipoles Hor. —— 7 dipoles
pmagee | e \:::mzz::ﬁiz:zz:: We assume a total number of 16 RF
§_35_ \\ -==- No shift 7 dipoles - - Noshlft7d|po|es Sectlons (and thus arcs)’ WhICh
2 4x10* . .
o 30 explains the steps (number of cells is
'-§25- 310 a multiple of 16).
é 207 2x107%
S 151
SCO 3f5 9j0 9f5 10I.0 10|.5 1£.0 11|.5 12|.0 8. 100 105 110 115

Superconducting dipole field [T] Superconductlng dipole field [T] ¢
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e RCS ME:
Mgz Case SC first with 5 dipoles and nc=208
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D1 D2 D3 D4 D5
0.025 - i IR H 1
| H 180 10
I I
I ! 1701
0.020 | : = 8
: 1 i 160 E‘
: 1 1 : o €
0.015 ] NN 1 ® 150 - = 64
E y o i g .
! . o 1 »n 140 o
- ] [N 1 > &
0.010 - i/ 1 R NI 5] a 44
11 1 11 11 S 130
1 NN 11 e =
1 1 [} (M} [} 1 E g
1 (N i [N [} 1 B
0.005 o e N g 120 2
1 1 11 1 11 1 =
o AR N n i
o ol [ 110
o i o 0-
L He— R e 0.4 0.2 0.0 0.2 0.4
0 2 N ? ] 8 10 12 Time [ms] -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
X1tm

Time [ms]

That is possible to get a path length variation of about 1 cm.

However, the cell is very compact. /
Although the energy ramp is quasi-linear, the synchronous phase 5 /
varies by more than 10 degrees. 501 /

The voltage is assumed to be constant in the cavity. 300_/

Wﬁ-@ ' =
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90 - — 30  —==Dipoleperiod RES1~~~,

- —— Dipole period RCS2

= We make vary the injection

N e f energy in RCS ME.
£ 701 E o) = We adjust the filling factor
- ' and number of cells to
g | keep a cell length of about
2] 2 30 min the arcs.

30 A
—=- Peak slope RCS1

3 = We consider a maximum
P e e S A field slope of 5 kT/s.

Beam energy [GeV]

20 A

200 225 250 275 300 325 350 375 400

peam eneroy [Gev] = Atlower energy, we are
— et 1 limited by the maximum
7 € dipole slope.
815 55 = At higher energy, we are
g § 20 limited by the maximum
= 10 5 dipole field.
. < 1] = An energy of 300 GeV is
. a good starting point.
2(I)0 22|5 250 2%5 3(I)0 355 3!130 37|5 4(|)0 260 2i5 2I50 2%5 360 3i5 3é0 37"5 4(I)0
Beam energy [GeV] Beam energy [GeV]
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Conclusions

= An analytical model has been developed to evaluate the path
lenth variation and the trajectory difference. We have now
scaling rules and the model has been extended to an arbitrary
number of dipole families.

= A python script has been developed to use these formulae and
generate different RCS geometries.

= Concerning the RCS ME, the best dipole patterns are with
the SC dipole first and 5 dipoles. More dipoles does not help
because of the needed space for the interconnections.
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Next steps

S
= The same study can be extended for the RCS HE and the RCS to go to 5 TeV (the baseline
is still preliminary).

= That would be useful to optimize the injection/extraction energy of each step.

= The optics is based on FODO cells but that may be not the good assumption. Indeed, the
number of RF sections becomes very large (more than 32, see Fabian Batsch’s presentation).
The number of FODO cells between 2 RF sections may become very low (5-10). Other
optics may be more appropriate: we need to integrate the RF section in the cell. The
direct impact is a change of the momentum compaction and the beam sizes.

= \We can also choose to have more than one dipole block per half-cell. That is also a direction
to increase the filling factor of the arcs and thus to reduce the path length variation.

= Some limitations like the minimum dipole length or the maximum quadrupole gradient
are missing. That would be very useful to get these data to add constraints on the parameter
seft.
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